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Executive Summary

This report investigates the tolerance thresholds of key Coorong fish species’ juveniles to hyper-marine
salinity and the relationship between thresholds and distribution of species and salinity levels in the field.
These species were black bream (Acanthopagrus butcheri), yellow eye mullet (Aldrichetta forsteri),
Tamar goby (Afurcagobius tamarensis), greenback flounder (Rhombosolea tapirina) and congolli
(Pseudaphritis urvillii), mulloway (Argyrosomus hololepidotus) and smallmouthed hardyhead
(Atherinosoma microstoma). Gradual acclimation style tolerance trials (increase in salinity at a rate of 2 ppt
per day from an initial concentration of 35 ppt) were conducted within aquaria maintained at two different
test temperatures; 14 °C (representative ‘winter’ temperature) and 23 °C (representative ‘summer’
temperature). Three replicate trials were conducted for each species. Experimental measurements were
conducted daily to estimate lethal (number of mortalities and percent survival) and sub-lethal (behaviour
measurements relating to stress, e.g. number of fish actively swimming, the presence of any disease or
health conditions and maintenance of equilibrium and diminished feeding activity) thresholds to salinity.
Results were then analysed using Probit analysis to give a species Lethal Concentration (LC) value. LC
values were estimated for levels of salinity that were lethal for 10% (LC), 50% (LCso) and 90% (LCgp)
of test fish. Daily Feeding Response Scores (DFRS) and Stress Scores (SS) were also calculated from
behavioural observations. Spatial and temporal abundance data for each of the selected species and field
salinity data (parts per thousand, ppt) were adapted from Noell et al. (2012). Juveniles of all fish species
trialled tolerated high salinity levels approximately twice the concentration of seawater. There was,
however, a gradient of relative tolerance across species. Behavioural response measures during gradual
salinity increase provided additional insight into the sub-lethal salinity impacts. The maximum field
salinities at which species were caught divided species into two groups with species captured in salinities
greater than 74 ppt and species captured in salinities less than 60 ppt. These field patterns suggest that the
winter temperature tolerance thresholds for these species were closely related to their distribution
throughout the Coorong during 2006 to 2008. A key outcome of the current study is the application of
experimentally derived tolerance thresholds to the distribution of fish across a natural salinity gradient in
the field. The results suggest that threshold values, in particular LCy and LCsg, can approximate the

maximum salinity extent of field distribution of species with moderate accuracy.
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1. Introduction

The allocation of water resources away from the environment have greatly reduced freshwater flows in
the Murray-Darling Basin over the past fifty to a hundred years (Montagna et al., 2002; Flemer and
Champ, 2006; Vorwerk et al., 2008). In south eastern South Australia this has been matched by the
draining of vast wetland areas, critical for providing freshwater inflows to coastal wetlands (Pressey and
Adam, 1995). The result has been a reduction in the delivery of freshwater inflows to the Coorong and
Lower Lakes of the River Murray, both via the reduction of river flows and a reduction in groundwater
and landscape seepage from the south east wetlands. This has led to a significant decline in ecosystem
health (Boon, 2000; Walker, 2002; Webster, 2005; Noell et al., 2009).

The Murray Mouth has been dredged since 2001 to avoid closure caused by depleted flow volumes and
accumulated sediments, however, the lack of freshwater input means the Murray Mouth and Coorong is
now effectively a tidal marine inlet with a reverse estuarine structure. Salinity increases with distance
from the mouth, generally ranging between saline in the Murray Mouth to hyper-saline in the northern
and southern Lagoons (Noell et al., 2009). The resultant salinity gradient has important implications for
the ecological health of the Coorong (e.g. Geddes and Butler, 1984; Geddes, 2005a; 2005b). With such a
reduction in freshwater inputs, the estuarine structure of coastal lagoons like the Coorong deteriorates. If
open to the sea, conditions are likely to become predominantly marine (Whitfield, 2005) but, if closed,
conditions can rapidly become hyper-saline with salinity concentration reaching many times the level of
seawater (Vega-Cendejas and Hernandez de Santillana, 2004; Whitfield, 2005).

Estuaries and coastal lagoons play a significant role in providing spawning grounds, nursery areas and
migratory pathways for fish (Pollard, 1971; Blaber et al., 1989; Potter et al., 1990; Whitfield, 1999;
Zampatti et al., 2010). Shifts away from estuarine to marine or hyper-saline conditions can impact upon
the ecological stability of fish populations. With increasing salinity, key ecological processes such as
spawning, recruitment, habitat use and/or food resource availability can be impacted (James et al., 2003).
Under hyper-saline conditions, estuarine and even marine adapted fishes may become physiologically
challenged as the requirement for osmotic homeostasis places increasing demand on metabolic processes
(Boeuf and Payan, 2001; Hildebrand and Goslow, 2001).

In the Coorong and Murray Mouth, field based research has indicated a strong correlation between
salinity levels and distribution of fish species and assemblage groups. This supports observations that
salinity is a key factor driving the fragmentation of fish distributions in the Coorong and Lower Lakes

region (Wedderburn et al.. 2008). Recent tolerance data have shown that freshwater fishes from the River
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Murray and Lower Lakes are under threat from rising salinity levels that may preclude the survival of
sensitive larval life stages leading to recruitment failure for some species (Ye et al., 2010). For the
estuarine fish assemblage of the Coorong, however, tolerance values have not yet been assessed to allow
comparisons of limiting physiological thresholds and ecological distributions of fish species in relation to

salinity.

The aim of the current study is to identify the tolerance thresholds of key Coorong fish species to hyper-
saline salinity levels and apply these threshold values to the distribution of species and salinity levels in
the field. In particular, thresholds were identified for juvenile age classes which may be more sensitive to
salinity impacts than adults (Hart et al., 1991; Clunie et al., 2002). In addition, tolerance values were
assessed under average summer and winter temperature conditions to maximize the applicability of
thresholds under fluctuating seasonal conditions. These values were then compared with the spatial and
temporal distribution of salinity and fish species in the Coorong as presented in Noell et al. (2009) to

determine the relationship between fish species tolerances, distribution and salinity levels.

The specific aims of the study were:

1. Determine the tolerance thresholds for key fish species (juveniles) from the Coorong and

Murray Mouth.

2. Compare tolerance values under summer and winter temperature regimes to identify

confounding impacts of season on tolerance.

3. Relate tolerance thresholds to the spatial and temporal distribution of fish and salinity levels

throughout the Coorong.

4. Discuss the implications of salinity/fish assemblage relationships to the ecological

management of the Coorong and Murray Mouth.
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2. Methods

Target fish species

Juveniles of black bream (Acanthopagrus butcheri), yellow eye mullet (Aldrichetta forsteri), Tamar goby
(Afurcagobius tamarensis), greenback flounder (Rhombosolea tapirina) and congolli (Pseudaphritis
urvillii) and mulloway (Argyrosomus hololepidotus) were selected for salinity tolerance trials (Table 1).
Their tolerance to hyper-marine salinity and the relationship between thresholds and distribution of
species along the Coorong salinity gradient in the field were investigated with an additional species,

smallmouthed hardyhead (Atherinosoma microstoma), included.

Table 1. Life history styles of target species adapted from Noell et al. (2009).

Common name Species name Life history* Habitat use
Mulloway Argyrosomus hololepidotus Marine opportunist Pelagic
Tamar goby Afurcagobius tamarensis Estuarine Benthic
Black bream Acanthopagrus butcheri Estuarine Pelagic
Greenback flounder Rhombosolea tapirina Estuarine and marine Benthic
Yellow eye mullet Aldrichetta forsteri Marine opportunist Pelagic
Congolli Pseudaphritis urvillii Catadromous Benthic
Smallmouthed hardyhead Atherinosoma microstoma Estuarine Pelagic

* Potter and Hyndes (1994).

Experimental setup: slow acclimation tolerance trials

Juvenile fish (size ranges provided in Table 2) were collected from the Lower River Murray and Coorong,
except for Argyrosomus hololepidotus juveniles which were hatchery stock. Fish were transferred into
2000 L aquaria under controlled environment conditions at the SARDI Aquatic Sciences Centre in West
Beach, South Australia. All fish were quarantined and treated for potential disease as per Australian Pest
and Veterinary Medicine Authority permit 8853. Test fish were acclimated in sea water within
experimental aquaria for at least one week under experimental conditions prior to testing. During this
period, any mortalities were replaced with fish from a holding aquarium subjected to identical conditions

as experimental tanks.
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Five fish were acclimated within each of three replicated 20 L experimental aquaria and at the onset of
experimentation salinity was increased. Gradual acclimation style tolerance trials were conducted within
aquaria maintained at two different test temperatures; 14 °C (representative ‘winter’ temperature) and 23
°C (representative ‘summer’ temperature). At the onset of experiments, test aquaria were subjected to a
gradual increase in salinity at a rate of 2 ppt per day from an initial concentration of 35 ppt with the use of
Ocean Nature® or Sea-Chem® salt mixed with filtered seawater. Daily measurements of key water
quality parameters were recorded including dissolved oxygen, total dissolved solids (as a measure of

salinity), pH and temperature.

Experimental measurements were then recorded including: number of mortalities, number of fish actively
swimming, presence of any disease or health conditions and maintenance of equilibrium (i.e. maintaining
balanced position in the water). An index of feeding response (Table 3) and an index of visual stress
(Table 4) were also recorded daily. Finally, salinity was reset at the next incremental level within
treatment tanks (i.e. 2 ppt higher than the previous day).

Throughout acclimation and trials, a light:dark ratio approximating 12:12 hours was used. Fish were fed
daily. Initially during acclimation a varied diet was offered, which included frozen bloodworm, frozen
brine shrimp (Artemia sp.), live brine shrimp, and 1 mm or 5/8 proton aquaculture pellet. Diet throughout
the trials remained consistent but was dependent on species-specific acceptance of these foods observed
during acclimation (Table 2). High levels of ammonia are known to be detrimental to fish survival and
also may affect bio-filter performance. Thus, prior to the start of each trial, ammonia was tested in a

sample of tanks to ensure levels were suitable.



McNeil et al. 2013

Effects of hyper-saline conditions upon six estuarine fish species

Table 2. Weight and length (mean £ SD) of test fish and nutrition supplied for each species in the 14 °C and

24 °C trials.
14 °C 23°C
Common .
Species Mean total Mean total .
name Mean length (TL, Mean length (TL, F?:_(':[iri:ljpplled
weight (g) mm) weight (g) mm) P
Mulloway Argyros_omus i 45-75 i 45-75 aquaculture
hololepidotus pellet
Afurcagobius 183+ 187+ bloodworm and
Tamar goby tamarensis 1.42 639+14.9 1.65 58+17.3 Artemia
Acanthopagrus 0.89 0.75 % aquaculture
Black bream butcheri 0.94 441+ 131 053 43.3+10.3 pellet
Greenback Rhombosolea 041+ 0.27 % bloodworm and
flounder tapirina 1.35 SRR 0.61 30£15 Artemia
Yellow eye Aldrichetta forsteri 0.80 + 1.02 + aquaculture
mullet 1.08 472+168 0.86 Sl2x84 pellet
. Pseudaphritis 0.25+ 0.24 + bloodworm and
Congolli urvillii 0.21 39.0+7.9 011 406+7.3 Artemia

Behavioural observations

Daily assessment of fish behaviour via observation was performed prior to resetting of salinity. The

assessment informed and complemented the measurement of lethal thresholds and provided insight into

some of the potential sub-lethal thresholds that indicate physiological impact prior to lethality. Behaviour

measurements relating to diminished feeding activity and stress were taken based on Daily Feeding

Response Scores (DFRS) and Stress Scores (SS) (Table 3 and Table 4, respectively). These were made by

the same researcher to minimise experimental variation in observational scoring.
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Table 3. Daily Feeding Response Score (DFRS)

DFRS Description

5 High response Feeding eagerly at surface, feed not reaching floor of tank.

4 Medium high response  Some feed reaching floor of tank, but consumed within 5mins.

3 Medium response Most feed reaching floor of tank, but consumed within half an hour.

2 Medium low response Feed reaching floor of tank, more than half consumed within half an hour.
1 Low response Feed reaching floor of tank, less than half consumed within half an hour.
0 No response Feed not consumed, little interest in feeding observed.

Table 4. Stress Score (SS)

SS Description
5 High stress Dark obvious banding increased opercula pumping and constant hiding.
Dark obvious banding, slightly increased opercula pumping and hiding majority of
4 Medium high stress time.
3 Medium stress Some dark banding, often accompanied by hiding.
2 Medium low stress Faint banding, some hiding from movement.
1 Low stress No banding, some hiding from movement.
0 No stress Little flight response, swimming at front of tank in anticipation of feeding.

Data analysis and threshold determination

The percent survival of test fish under gradually increasing salinity was measured daily for each trial.
Results from the three replicate trials for each species were then analysed using Probit analysis to give a
species Lethal Concentration (LC) value. LC values were estimated for levels of salinity that were lethal
for 10% (LCy), 50% (LCsp) and 90% (LCg) of test fish. For Atherinosoma microstoma the LC1o, LCs,
and LCqy values were estimated from data reported by Lui (1969). Probit analyses were carried out using
SPSS Version 16.0 and StatsDirect Version 2.6.2. Salinity concentration (ppt) was logi, transformed for

analysis.

Spatial and temporal abundance data for each of the selected species and field salinity data (ppt) were
adapted from Noell et al. (2012). Abundances of each species were overlaid as bubbles onto contour
salinity graphs and presented through time with increasing distance within the Coorong from the Murray
Mouth. LCsq estimates at 14 °C and 23 °C were applied as a threshold of expected field distribution.
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3. Results

All species tested displayed tolerance to salinity conditions greater than seawater, with LCs, estimates
ranging between 54.4 ppt (A. hololepidotus) and 100.1 ppt (P. urvillii) (Figure 1). Tolerance estimates for
A. microstoma measured by Lui (1969) were slightly higher than other species measured (LCso = 108
ppt), although were comparable with field observations for the species. Relative species tolerances were
similar across species for both temperatures (as graphed from left to right — Figure 1) with somewhat
lower tolerance values recorded at 23 °C than at 14 °C. Field salinity maxima for species presence ranged
from approximately 60 ppt to over 130 ppt for A. microstoma. Species were rarely captured under salinity
conditions higher than their laboratory derived LCsq thresholds, although A. microstoma was caught under
salinities well above their estimated threshold was calculated for both temperatures and A. hololepidotus
was captured in the field at salinities higher than their estimated 23 °C LCs, threshold. More detailed
analysis of survival under increasing salinity, tolerance thresholds and spatio-temporal distributions of
fish and salinity levels in the Coorong are presented individually for each target species in the following

sections.
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Figure 1. 10, 50 and 90 percent values (LCyo, LCs (+ standard error) and LCq) for salinity determined at
(a) 14°C and (b) 23°C for juveniles of six estuarine fish species, estimated using Probit analysis. * Lui
1969.

Comparative vulnerability to hyper salinity impacts

Maximum salinities occupied by individual species from field observations by Noell et al. (2012) were
compared to LCsp values (determined in this study) for all species (Table 5) to validate the significance of
LC estimates to conditions in the Coorong and Lower Lakes. The estimated relative order of vulnerability
to increasing salinity across these species was identified; A. hololepidotus was considered to be the most
vulnerable, whilst P. urvillii the most tolerant (although no trials were conducted on A. microstoma in this

study).
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Table 5: Summary of LCs, salinity estimates (expressed as ppt) for six species at 14 °C and 23 °C
temperatures compared to field observations from Noell et al. (2009).

Vulnerability to : L-Coo Max. field
high salinity Common name Species name obs. salinity
14°C 23°C '
Most Mulloway Argyrosomus 644 593 624
hololepidotus
Tamar goby Afurcagobius tamarensis ~ 73.2 71.4 60.1
Black bream Acanthopagrus butcheri 84.7 88.4 60.1
Greenback flounder Rhombosolea tapirina 87.5 78.6 74.1
Yellow eye mullet Aldrichetta forsteri 90.5 82.4 74.1
JV Congolli Pseudaphritis urvillii 100.1 94.1 74.1
Atherinosoma
Least Smallmouthed hardyhead# microstoma 108 1335
* Lui (1969)

Species-specific tolerance and distribution in relation to salinity

Mulloway (Argyrosomus hololepidotus)

At 14 °C, A. hololepidotus mortalities occurred between 58 to 70 ppt (Figure 2), with an LCs, estimate of
64.4 ppt (LC1o=60.3; LCqo= 69.6) (Figure 1). At 23 °C mortalities occurred between 50 to 74 ppt (Figure
2) with an LCs, estimate of 59.3 ppt (LCyo = 51.1 ppt; LCq = 68.8 ppt) (Figure 12). Daily Feeding
Response Score (DFRS) decreased at 52 to 54 ppt in both temperature treatments, before decreasing
steadily with complete cessation of feeding at salinities of 62 ppt (14 °C) and 66 ppt (23 °C) (Figure 2).
Stress Score (SS) was initially higher at 14 °C than at 23 °C; but rose in both treatments at 52 to 54 ppt
with colouration darkening at 60 ppt and general inactivity occurring at 60 ppt (14 °C) and 64 ppt (23 °C)
(Figure 2). The field distribution of A. hololepidotus was generally within 40 km of the Murray Mouth
with occasional catches between March and September 2007 under salinity concentrations exceeding the
23 °C species LCs and approaching the 14 °C LCy, (Figure 3).
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Argyrosomus hololepidotus
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Figure 2. Percent survival and feeding response and stress scores with increasing salinity at (a) 14°C (‘winter’) and
(b) 23°C (‘summer’) temperatures for juvenile mulloway (A. hololepidotus).
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Figure 3. Salinity concentration with distance from the Murray Mouth against time; with LCs, values determined at
14°C and 23°C and field observations (c = relative abundance, from Noell et al. (2012)) plotted for juvenile
mulloway (A. hololepidotus).
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Tamar goby (Afurcagobius tamarensis)

At 14 °C mortalities occurred from 70 to 72 ppt (Figure 4), with an LCs, estimate of 73.2 ppt (LCy =
67.7; LC g9 = 79.1) (Figure 1). At 23 °C, mortalities occurred in salinities from 66 to 72 ppt (Figure 4)
with an LCs estimate of 71.4 ppt (LCyo = 66.3; LCq = 76.8) (Figure 1). DFRS decreased at 66 ppt at 14
°C, and 58 ppt at 23 °C, with this pattern continuing steadily until feeding ceased entirely in both
treatments when ambient salinities reached 72 ppt (Figure 4). SS initially began to rise at 52 to 54 ppt in
both temperatures, with change in colouration starting to occur at 58 ppt, followed by general inactivity at
approximately 70 ppt in both treatments (Figure 4). The observed field distribution of A. tamarensis was
generally within 20 km of the Murray Mouth with salinity conditions well within their tolerance range.
Only during June 2007 did high salinity concentrations form close to A. tamarensis sites, however, the

species was never caught under salinities approaching their estimated LCs, (Figure 5).
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Figure 4. Percent survival and feeding response and stress scores with increasing salinity at (a) 14°C (‘winter’) and
(b) 23°C (‘summer’) temperatures for juvenile Tamar goby (A. tamarensis).
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Figure 5. Salinity concentration with distance from the Murray Mouth against time; with LCs, values determined at
14°C and 23°C and field observations (° = relative abundance, from Noell et al. (2012)) plotted for juvenile Tamar
goby (A. tamarensis).

Black bream (Acanthopagrus butcheri)

At 14 °C mortalities occurred at 80 to 86 ppt (Figure 6), with an LCs, estimate of 84.7 ppt (LCyo = 78.6;
LCq = 91.4) (Figure 1). In contrast, at 23 °C mortalities occurred between 82 and 90 ppt, (Figure 6), with
an LCs estimate of 88.4 ppt (LCyo = 81.8; LCq = 95.3) (Figure 1). DFRS was observed to reduce initially
between 76 and 78 ppt in both temperatures, and continued to decline until feeding ceased at 82 and 86
ppt at 14 °C and 23 °C, respectively (Figure 6). SS initially began to rise at 74 ppt in both temperatures,
which included darkening colouration with fish generally becoming inactive at 74 ppt at 23 °C and 80 ppt
at 14 °C (Figure 6). A. butcheri was generally collected within 20 km of the Murray Mouth and field

salinities where the species was caught did not approach LCs, estimates (Figure 7).
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Figure 6. Percent survival and feeding response and stress scores with 'increasing salinity at (a) 14°C (‘winter’) and
(b) 23°C (‘summer’) temperatures for juvenile black bream (A. butcheri).
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Figure 7. Salinity concentration with distance from the Murray Mouth against time; with LC50 values determined
at14°C and 23°C and field observations (° = relative abundance, from Noell et al., 2009) plotted for juvenile black
bream (A. butcheri).
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Greenback flounder (Rhombosolea tapirina)

Mortalities occurred at 14 °C between 78 and 92 ppt (Figure 8) with an LCs, estimate of 87.5 ppt (LCyo =
81.1; LCqy = 94.4) (Figure 1). In 23 °C, mortalities occurred between 68 and 82 ppt (Figure 8) with an
LCsp estimate of 78.6 ppt (LCyo = 72.9; LCqo = 84.7) (Figure 1). DFRS was observed to decline from 66 to
68 ppt in both temperature treatments, and continued to decrease until 82 ppt at 14 °C and 78 ppt at 23 °C
(Figure 8). SS initially began to rise between 74 and 78 ppt in both temperatures, at which stage the
colouration darkened and general inactivity became apparent in 76 ppt at 14 °C and 82 ppt at 23 °C
(Figure 8). R. tapirina were frequently caught in reasonable numbers up to 50 km from the Murray
Mouth. Whilst they were distributed close to saline waters in general, they were never caught in salinities
matching or exceeding the LCs, thresholds identified (Figure 9). They were, however, caught in salinities
that exceed their LCy, threshold (Figure 1), suggesting that some individuals of this species will enter and

tolerate hyper-saline waters.
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Figure 8. Percent survival and feeding response and stress scores with increasing salinity at (a) 14°C (‘winter’) and
(b) 23°C (‘summer’) temperatures for juvenile greenback flounder (R. tapirina).
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Figure 9. Salinity concentration with distance from the Murray Mouth against time; with LCs values determined at
14°C and 23°C and field observations (¢ = relative abundance, from Noell et al., 2009) plotted for juvenile
greenback flounder (R. tapirina).

Yellow eye mullet (Aldrichetta forsteri)

At 14 °C mortalities occurred between 82 and 90 ppt (Figure 10) with an LCs, estimate of 90.5 ppt (LCyp
= 83.8; LCqo = 97.6) (Figure 1). At 23 °C, 20% of mortalities occurred between 50 and 70 ppt, with the
majority occurring after 86 ppt (Figure 10) with an LCs estimate of 82.4 ppt (LCy = 68.3; LCqp = 99.4)
(Figure 1). At 14 °C DFRS started to decline from 84 ppt and continued to decline until feeding ceased
completely at 88 ppt (Figure 10), whilst at 23 °C, FRS declined from 70 ppt and feeding did not cease
until complete mortality at 90 ppt (Figure 10). SS initially began to increase with darkening colouration
observed from 74 to 76 ppt at both temperatures and reduced activity was noticeable at 84 to 86 ppt
(Figure 10). Erratic scoring for behavioural indicators suggests that this species may have had some
baseline level of stress throughout the trials that may impact upon results, particularly under the 23 °C
treatment. A. forsteri were recorded up to 40 km from the Murray Mouth. In June of 2008 this species
was collected near to saline waters, but were never caught in salinities matching the LCs thresholds
(Figure 11). They were, however, collected under salinities that could be lethal to at least 10% of the

population (Figure 1).
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Figure 10. Percent survival and feeding response and stress scores with increasing salinity at (a) 14°C (‘winter’) and
(b) 23°C (‘summer’) temperatures for juvenile yellow eye mullet (A. forsteri).
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Figure 11. Salinity concentration with distance from the Murray Mouth against time; with LCs, values determined at
14°C and 23°C and field observations (° = relative abundance, from Noell et al., 2009) plotted for juvenile yellow
eye mullet (A. forsteri).
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Congolli (Pseudaphritis urvillii)

At 14 °C, mortalities occurred between 92 and 104 ppt (Figure 12) with an LCs, estimate of 100.1 ppt
(LC10=89.5; LCy = 111.9) (Figure 1). At 23 °C, mortalities occurred between 84 and 98 ppt (Figure 12)
with an LCs, estimate of 94.1 ppt (LCyo = 86.9; LCq =101.9) (Figure 1). DFRS started to decrease at 82
ppt at 14 °C and 78 ppt at 23 °C, and continued to decrease steadily with exposure and fish ceased feeding
at 88 ppt at both 14 °C and 23 °C (Figure 12). At 14 °C, SS began to rise at 68 ppt; darkening colouration
was evident at 70 ppt (Figure 12). At 23 °C, SS began to increase at 74 ppt and darkened colouration was
evident at 76 ppt (Figure 12). Reduced activity was noticeable after exposure to 88 ppt at both
temperatures (Figure 12). The observed field distribution of P. urvillii was within 40 km of the Murray
Mouth and largely within 20 km. Ambient salinity was in all cases well below the LCs, estimates for this

species (Figure 13).
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Figure 12. Percent survival and feeding response and stress scores With'increasing salinity at (a) 14°C (‘winter’) and
(b) 23°C (‘summer’) temperatures for juvenile congolli (P. urvillii).
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Figure 13. Salinity Concentration with distance from the Murray Mouth against time; with LCs, values determined
at 14°C and 23°C and field observations (¢ = relative abundance, from Noell et al., 2009) plotted for juvenile
congolli (P. urvillii).

Smallmouthed hardyhead (Atherinosoma microstoma)

A. microstoma were collected up to 90 km from the Murray Mouth under field salinities greatly exceeding
the LCsp estimates identified by Lui (1969) using direct transfer methodologies (Figure 14). The highest
abundances (larger circles) were recorded in salinities below the estimated LCs, closer to the Murray
Mouth; however, fish were recorded in ambient salinities up to 130 ppt (Figure 14) exceeding even the
LCy threshold calculated for this species (Figure 1). The species was not captured in the hyper-saline

waters present in some seasons away from the Murray Mouth (red areas).
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Figure 14. Salinity Concentration with distance from the Murray Mouth against time; with LCsx, values determined
by Lui (1969) and field observations (¢ = relative abundance, from Noell et al., 2009) plotted for juvenile

smallmouthed hardyhead (A. microstoma).
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4. Discussion

Tolerance to hyper-saline conditions

All fish species (juveniles) tested tolerated high salinity levels approximately twice the concentration of
seawater. There was a gradient of relative tolerance across species with the highest tolerances recorded by
A. microstoma, followed by P. urvillii, and A. forsteri which were tolerant of salinities greater than 80
ppt, regardless of water temperature. Although differentially affected by water temperature, R. tapirina
and A. butcheri also recorded high tolerances (> 80 ppt). Slightly less tolerant, A. tamarensis and
A. hololepidotus recorded tolerances between approximately 60 to 72 ppt. A. butcheri was the only
species tested to record a higher tolerance value under the summer water temperature (23 °C) than the
cooler winter temperature (14 °C). The maximum field salinities at which species were caught divided
these species into two groups with A. microstoma, P. urvillii, A. forsteri and R. tapirina captured in
salinities of over 74 ppt and A. butcheri, A. tamarensis and A. hololepidotus found only at salinities below
60 ppt. These field patterns suggest that the winter temperature tolerance thresholds for these species are

more closely related to their distribution throughout the Coorong during 2006 to 2008.

Relating tolerance thresholds to ecological distributions

A key outcome of the current study is the application of experimentally derived tolerance thresholds to
the distribution of wild fish across a natural salinity gradient. The results suggest that threshold values, in
particular LCy and LCsp, can approximate the maximum field distribution of species. In general, species
tended to be caught in salinities far lower than threshold limits which concurs with results from Kefford et
al. (2004). This could be viewed as an expected observation considering the range of chronic impacts that
sub-lethal concentrations of salinity may have on the homeostasis of estuarine fish. Respiratory
efficiency, energetic budgets, growth and immune responses are impacted at levels far below those
directly lethal to individual fish (Geddes, 1979; Hart et al., 1991; Haddy and Pankhurst, 2000; Boeuf and
Payan, 2001; Akin and Neill, 2003).

By exception, two species were recorded from habitats more saline than their tolerance limits would
suggest. A. hololepidotus recorded LCyq and LCsy thresholds at 23 °C that were lower than salinities at
which they were recorded in the field. However, the catches of A. hololepidotus at these salinities only
occurred during the cooler months and therefore the summer temperature threshold does not apply.
Instead the winter (14 °C) threshold would apply and whilst salinity levels may still be high enough to
restrict <10% of individuals, trials suggest most members of this species could survive under these

salinity and temperature conditions.

21



McNeil et al. 2013 Effects of hyper-saline conditions upon six estuarine fish species

Tolerance estimates were lower than habitat field salinities for A. microstoma and this was the only
species not tested using gradual acclimation tolerance trials. Instead, threshold values were re-calculated
from published data that used a direct transfer methodology. Direct transfer methods do not allow for any
degree of acclimation to increasing salinities and can often under-estimate the ability of fish to
physiologically adapt to rising salinity levels, leading to lower estimates of LCs (Ye et al., 2010). This
result emphasises the importance of comprehensive and comparative assessments of species’ tolerances
when addressing the impacts of water quality extremes on fish health and survival, as the application of

previously derived estimates may not allow valid comparisons across species.

If comparable methods were used for A. microstoma, as were used for other species in the current study, it
is likely that LC estimates may more closely approximate field distribution limits. This would also render
A. microstoma the most tolerant of all Coorong fish species as indicated by the field results, and it is
hypothesised that the gradual acclimation derived LCs, for this species is likely to approximate 140 ppt.
This suggests that A. microstoma, is one of the most salt-tolerant fish species in the world alongside

Cyprinodon variegates (Gunther, 1956).

Behavioural observations

Behavioural response measures during gradual salinity increase provided additional insight into the sub-
lethal salinity impacts. Increases in stress related behaviours and decreases in feeding and general activity
always preceded or approximated the onset of mortalities during gradual salinity increase. These
behavioural responses to gradual declines in water quality have proven extremely useful indicators of
species’ tolerance thresholds and allow the identification of pre-lethal thresholds at which fish are
inclined to modify their behaviour to avoid excess stress or metabolic cost as conditions become
impacting (McNeil and Closs, 2007). Long term trials also suggest that exposure over several months,
even to salinity levels well below the lethal threshold of a species, can result in the ultimate death of over
half of the treatment fish compared to controls. Under these conditions, behavioural measurements may

identify impact levels undetectable through gross mortality measurements.

Furthermore, behavioural observations may reveal much about experimental conditions by providing
indications of background stress. Trials for A. forsteri, for example, showed indications that fish may
have been stressed and feeding abnormally during trials under the 23 °C treatment. This pattern coincided
with low levels of mortality in experimental fish long before a general decline in survival was observed.
The behavioural data therefore indicates that the result for A. forsteri might be more due to acclimation
issue than test aquaria conditions. The failure of some individuals to acclimate was a likely cause of early

mortalities rather than salinity impacts during the trial.
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The restriction of almost all fish catches to areas of moderate salinity clearly supports the hypothesis that
hyper-saline conditions in the Coorong are a primary environmental driver restricting the distribution of
fish species to the fresher sections of the lagoon closer to the Murray Mouth. As the hyper-salinity mass
contracts and expands seasonally, the distribution of many fish species can be seen to expand and contract
also, generally bound by the confines of salinity tolerance limits. A. hololepidotus, P. urvillii and R.
tapirina all moved away from the Murray Mouth during March and September 2007 when the hyper-
saline zone contracted and were no longer caught at those sites once the zone expanded again towards the
mouth. The most extreme case was A. microstoma, which is distributed almost ubiquitously outside of the
constraints of their probable salinity threshold, expanding and contracting with the limits of the hyper-

saline mass.

Ecological management and significance

These results have implications for the provision of freshwater inputs into the Coorong and Lower River
Murray. They indicate that freshwater inflows of subsequent size and duration to push back or break
down the hyper-saline mass will most likely result in the expansion of key marine and estuarine species
southward into the Coorong lagoon, expanding from remaining source populations that persist within
marine environments close to the Murray Mouth. Furthermore, the data suggests that salinity levels do not
need to be significantly fresh and that resumption of marine conditions is likely to facilitate the expansion
of most fish species back into the lagoon, assuming that ecological fidelity also recovers and the
ecological processes necessary to support fish populations are also able to recover from hyper-saline

conditions.

The distributional data also shows that the true estuarine species, A. butcheri and A. tamarensis, are
perhaps the least likely to respond quickly to improvements in saline conditions due to their apparent
reluctance to move toward a hyper-saline mass, even during seasonal retreats southward. It is likely that
these species are persisting within sub-optimum marine environments around the Murray Mouth area and
therefore are likely to be constrained by the hyper-saline mass and more impacted by standard salinity
levels (Potter and Hyndes, 1994). These species have relatively lower tolerances and are therefore likely
to be most impacted by any further expansion of the hyper-saline mass into the current area of fish
abundance near the Murray Mouth. Whilst also relatively intolerant, A. hololepidotus is also highly

mobile and therefore able to retreat rapidly to marine environments to which they are well adapted.
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